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Chapter I

(o)

Many factors contribute to errors of mensuration of
images in aerial photographs. Among them are uncertainties
about the geometry of the photography due to a lack of know-
ledge of the exact camera position and camera pointing, and
uncertainties of the focal length of the camera lens. Other
sources of error are the dimensional instability of films
(e.g., films may stretch or shrink), the operational charac-

teristics of the measuring equipment, and the human operator
of the equipment.

This study was concerned with only one source of mensur-
ation error--the human operator. The primary purpose of the
study was to determine human operators' measurement errors as
a function of edge spread (resolution), modulation (contrast),
image shape, and image size.

The edge spread ranged from 5 microns to 24 microns in
five steps and the modulation ranged from 0.1 to 0.5 in five
steps. The shapes and sizes of edges at each combination of
edge spread and modulation were as follows:

STRAIGHT EDGES. There were three edge sizes--24,
48, and 96 microns.

CURVED EDGES. There were four curvatures defined
by radii of 190, 96, 48, and 24 microns. There
were three edge sizes for the 190-micron and 96-
micron edges, two sizes for the 48-micron edge,
and there was one size for the 24-micron edge.
(See Table 2, pg. 8.) , ’

POINTED EDGES. There were four pointed edges
defined by angles -of 22, 45, 90, and 135 degrees.
There were three sizes, 24, 48, and 96 microns,
for each of the four angles. '

Each radius-size and angle-size combination represented
two edges that differed from one another in the polarity of
the .densities forming the edge. That is, the left side of
one edge was more dense than the right side; the reverse was.
true for the other edge. The images of the edges were spaced

'in the photographs so that the edge spread of one edge did .

not overlap that of another.

o ApproveAd For Release 2006/02/07 : CIA-RDP7SBO4770A001800020044-4 _
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In addition to the edges described above,. there: were xhreeg
dark (low transmittance) bars on a. light (high transmittance) -
background and three light bars on a dark background. The:bars .~ -
in each set of three were. 6, 12, and 24 microns wide. . . Un11ke ST
the images of the other edges, the bars were- included: to” asses
the effects of edge spread on measurement when there.is some L
overlap of the edge spread of adJacent edgeso. 1;jﬁ.:f;,; -

The subjects were six operators experlenced at. measurln'
photographic images. The images were measured using a Man
621 Comparator. The subjects' task was. to p051t10n a cros
hair on each edge. . S 5

Two measures were computed for each edge at.. each comb; :
tion of edge spread and modulation.. Theése were the mean: of the
positioning errors (accuracy) and the standard-deviation of the
positioning errors (precision) of the six operators. - In- ‘addi-
tion a mean and standard deviation of measurements of thegw- t
of each bar was computed. I

The~results of the studydwere-as follows:

ACCURACY: MEAN ERROR

1. There was no apparent relation between'the aééu_
racy of positioning and the modulation, 51ze ‘or’

curvature of the edge.

2. Accuracy of p051t1on1ng decreased w1th an 1ncrease_,
in edge spread. =~ - e R L

3. Accuracy of p051t10n1ng decreased w1th an 1ncrease.ﬂf5u5-
‘ in the acuteness of the p01nted edges

4. Accuracy of the measurement’ of the w1dths of barsj L
' decreased as the edge - spread increased. Accuracy i
decreased by only a few microns for bar widths of: .
24 microns and by as much as. 10 or 1}2 microns forid-
A,bar widths of 6 microns. :

PRECISION: DIFFERENCES AMONG»OPERATORS
1. There was no apparent relation between the preclwiﬁa B
sion of positioning and thée size or curvature of

_Vthe edge.

2. The precision of p031t10n1ng decreased with an . ..
‘ increase in the edge spread. ' : '

3, The precision of:pos;tlonlng QeCreaSed'with anf’:f
increase in the acuteness of the pointed edges. i

2 ;
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4. A change in modulation from .50 to .22 had no
effect on the precision of positioning. Pre-
cision decreased only when the modulation was
reduced to about .15 or .10--2a modulation so

low that the image was barely visible.
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-Chaptér I1

<: INTRODUCTION j>

Intelligence is usually extracted from aerial photo-
graphy in two ways: photointerpretation and mensuration.
In the opinion of intelligence analysts mensuration provides
as much or more of the directly useful intelligence obtained
from photography than does photointerpretation. Furthermore,
measurements aid the photointerpreter. in identifying targets
and in distinguishing among targets of similar appearance.
It was the recognition of this important role of mensuration

that stimulated the undertaking of the experiment described
here.

Many factors contribute to the errors of measurements
made on aerial photographs. Among these factors are uncer-
tainties about the geometry of the photography due to a lack
of knowledge of the exact camera position and pointing, and
uncertainties of the focal length of the camera lens. The
dimensional instability of films (e.g., the film may stretch
or shrink) and the operational characteristics of mensuration
equipment can also contribute to errors.

The experiment reported here was concerned with yet
another source of mensuration error, the human measuring the
images. A computer program which contains inputs for several
possible sources of mensuration error is under development at
N ; its purpose is to predict from these sources the

. probable error of mensuration. It was intended that the re-

sults of this experiment would provide the probable errors
generated by the human operator.

The operators' measurement errors depend in large part
on the characteristics of the photographic images being mea-
sured. Thus, the purpose of this experiment was to determine
the accuracy and precision of measurement of photographic
images as a function of the edge spread, modulation, shape,
and size of the image.

: . C 5 o
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Chapter II1I

<:k METHOD i>

An extremely large variety of image characteristics
(edge spread, modulation, shape, and size) is routinely en-
countered in mensuration and the inclusion of the universe
of these characteristics in a single experiment would be
impracticable. Consequently the stimulus materigls for this
experiment consisted of a sample of image characteristics.
These characteristics were typical of those encountered in
operational photography.

EXPERIMENTAL VARIABLES

The primary experimental variables were edge spread
(equivalent to a resolution range from 20 to 200 cyclgs per
millimeter) and modulation (equivalent to a contrast range
from 1.2/1 to 3/1).! The values of edge spread and modula-
tion investigated are shown in Table 1. Edch numbered cell
in the table represents a photograph having:a unique combin-
ation of values of edge spread and modulation.? Photographs
such as these, which have specific image-structure charac-
teristics, are called "Gems." The numbers.in Table 1 iden-
tify the Gems. The circled

TABLE 1~ . o ~ .
numbers represent six Gems not

THE VALUES OF EDGE SPREAD

AND MODULATION INVESTIGATED. used in the experiment. Gem 5
was omitted because the images
EDGE SPREAD® were.extremely difficult to see.
: The remaining five Gems (6, 8§,
5.0 | 7.5 | 1z | 168 | 24.0 9, 11, 24) were omitted because
of a limitation upon the time
2¢ 2 2 2 ” available for the performance
s |3 6 . 6 oo | 20 of the experiment.
5 |22 @ 2| s || In addition to the varia-
£ls | (o 7 () | 1o tion of edge spread and modula-
.tion among Gems, edge shape
1 : : i 1 ® ‘and edge size were varied with-

*APPROXIMATE VALUES

S in each Gem.

! An approximation formula for converting edge spread

T 1 . l = 1 i t
to resolution is: . Sdge spread (mn) TeSélUthn (¢/mm}.

. . s 1+ modulation _
The formula for converting modulation to contrast is: ~I- modulation = contrast.

These tabled values are those planned but not precisely produced. The values produced are shown
later in Figure 2. For the purposes of this experiment the differences were considered trivial.

7
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TABLE 2

THE VALUES OF THE COMBINED EDGE SHAPES
AND EDGE SIZES REPRESENTED IN EACH GEM

POINTED EDGES CURVED EDGES STRAIGHT
(ANGLE —IN DEGREES) (RADIUS-IN MICRONS) EDGES
(RECTANGLES)

22 45 90 135 24 48 96 190

48

96 -

(IN MICRONS)

EDGE SIZE

190 : --* -=*

*THESE SIZE-SHAPE COMBINATIONS ARE NOT POSSIBLE BECAUSE THE EDGE SIZES EXCEED
THE RADIIl. FOR EXAMPLE:

B (/A EDGE SIZE "B" CANNOT BE GREATER THAN 2A.

4

H

Table 2 shows the dlfferent combinations of edge shape'

" -and edge size represented in each Gem. With the exception
of the three cells containing dashes (these three combina-
tions were not possible) and those appearing in the column
‘labeled "'straight edges,'" each cell represents two edges;"
~both identical in size and shape but differing from one an-
other in the polarity of the densities forming the edges.
That is; the left side of one edge was more dense than the
‘right 51de the reverse was true for the other edge

In addition to the edges described in Table 2, there
were three dark bars (low transmittance) on a llght (hlgh
transmittance) background and three light bars on a dark
“ background.:. The bars in each set of three were 6, 12 and:

24 microns wide. Unlike the other images, the bars were
* included to assess the effects of edge spread on the accu-

racy and the precision of measurement when there is some .
overlap of the edge spread of adjacent edges.

LAYOUT OF GEOMETRIC. SHAPES

Simple geometric image shapes were used as stimuli. ¢
The images and their arrangement are shown in Figure 1.
The numbeérs given in Figure 1. correspond to the. 1nd1v1dua1
fiducial marks and edges described in Table 3. Each image

‘was of uniform density, and this density was less3® than the
uniform density of the background. The X and Y coordinates

of each mensuration point differed from those of any other,

“.the exceptions being the Y coordinates of the edges .of the

"six vertical bars. ~ Except for the six bars the separation
- between image edges was at least twice the maximum edge !
-spread so that the blur of one edge never overlapped that

of another. : ,

3 The only exception was the vertical bars formed by edges 11 to 16. The density of thesefbars
was greater than the uniform density of their background. .

, 8 , ,
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TABLE 3
THE DESCRIPTION AND THE NUMBERS OF THE EDGES
IMAGE | FIDUCIAL EDGE DESCRIPTION
OR EDGES
|, BOTTOM LEFT OQUTSIDE FIDUCIAL MARK
FIDUCTAL 2. TOP LEFT " " "
MARKS 3. TJOP RIGHT " " "
4 BOTTOM RIGHT i " "
5. RIGHT SIDE OF HIGH TRANSMITTANCE BAR 24y WIDE _ _ _ _|
— 6. TLEFT v T v TwTT T T T T T 24y 1
7 RIGHT " 1" " " " 12 1"
8 LEFT 1" 1 1" " 1" 12u 1"
9 RIGHT " 1 1 n il 6 u 1"
10 LEFT 1 " " " " 61 "
BARS — = TRIGHT T T T Dow T T TR T T T W Gy R T T T T
|2 LEFT " 1 n " 1 24y "
13 RIGHT " " " n " |2u "
| 4 LEFT 1 1" " " " 12u "
15 RIGHT il " " " 1 6u "
. .—l 6_‘ —LE—I':'T— ™ T T T T T T T T T W ~6E T T T T T
7. HIGH TRANSMITTANCE 135° ANGLE, POINTED FIGURE 190 WIDE
8. LOW " 1350 " " foqu v
19. H|GH " 9Q° " " " 96u 1
20 LOW " 900 " " " 96U "
T T2 THIGHT T T T T T T T T W T T T gy W
22. LOW " 90° v " " 48u
23 HIGH " 45° " " " 48y "
24. LOW " 45° " " 48y
25 HIGH " 220 " " i 48y "
T 26, TLOW T T T T s T T W T T T gy T
27. HIGH " [35° " " 96u "
. 28. LOW " 1350 " " 96u "
POINTS 29. HIGH " 350 n " " 48u "
0. oW v usse v no_ v asw |
3] HIGH " 450 " " i 96]—1 "
32 LOW " 450 " " " 96}1 "
33 HIGH " 220 " " " 961U "
34 LOW " 200 " " " 96u n
| 3% e v 900 vt loon
36 LOW 0 90° 1 W o 190u no ]
37 HIGH " 45° " " " 190 "
38 LOW ! 45° " " " togu "
39 HIGH " 22° " " " 9o "
40 LOW 1" 220 " " " [90].1 "
41. HIGH TRANSMITTANCE 96u RADIUS, CURVED FIGURE 48p WIDE
42. LOW 1 964 1l 1" it 48y 1
43, HIGH 1 48y 1 " " 48u "
44 LOW 1" 48y " " " 481 1
L _45— __H |__§H_ o 1 190u " 1 ' 190 1 "
46 LOW [ — 1—90-—11 Ty T T W OT T T IEOU_ T
47 HIGH " 961 " " " 190w "
48. LOW " 96u " " " 190u "
CURVED 49. HIGH " 190u " " " 48p "
EDGES | _50. _LOW _ _ _ " _ _ 190w _ " _ _ " _ _ " _ 48y " _|
51 HIGH " 190w " " " 96u "
52 LtOwW n 190y " 1 " 26y "
53 HIGH " 964 " 1" 1" 96 u 1
54 LOW n 961 " 1l " 96 u "
| _55_ __H I_QH.__ - u_ _ ___48,_11 _ " " 1 964 "
56. LOW 4 48y L L T AT
57. HIGH " 24y " " " 48y "
58 . LOW " 24y " 1t n 48y 1"
STRAIGHT 28 STR/?:IGH.T ED%E, ggu LOI'\fG, Fl('B'URE jgp WVI'DE
EDGES . s s
61. " " 1 90u n 1 - 48y "
9

Approved For Release 2006/02/07 : CIA-RDP78B04770A001800020044-4




Approved For Release 2006/02/07 : CIA-RDP78B04770A001800020044-4

START

Figure 1. The layout of the geometric shapes.

The three bars formed by edges 5 and 6, 7 and 8, and
9 and 10 were identical to the three bars formed by edges
11 through 16, though they had opposité polarities. 1In
addition, each edge was present in both polarities. The
odd-numbered edges of the series 17 ‘through 58 were of one:
polarity; hereafter these edges will be referred to as -
"polarity-A" edges. The even-nuimbered edges were of the
other polarity which are hereafter referred to as ”polarlty—
B" edges. Edges 59, 60, and 61 were straight edges and were
not assigned polarlty. "The images were enclosed within a
thin-line rectangle.

As can be seen in Figure 1, there were three fiducial
marks located outside each corner of the rectangle. The
lines forming each mark were parallel to two sides of the

"rectangle and were 600 microns long. The widths of the

linés of the three fiducial marks at each corner were diff-
erent. The lines forming the outside marks were 10 microns
wide, those of the intermediate marks were 7 microns wide,
and the lines of the marks closest to any corner of the
rectangle were 5 microns wide. The operators preferred the
mark formed by the lines 10 microns wide because it was best
suited to the measuring instrument. Consequently this was
the mark used as a reference coordinate for all measurements.

The fiducial marks were high-contrast, sharp images on
all of the Gems regardless of the contrast and sharpness of
the edges on the Gems.

10
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MASTER PLATE

The array. of shapes portrayed in Figure 1 was produced

in a large format.

very high-resolution, high-contrast photographic plate.

The geometric shapes were scribed in a
Rubylith scribing material, using precision instruments. A
greatly reduced copy of the format was then produced on a

This

plate is hereafter referred to as the '"master plate."

60

50+

40

33

PERCENT TRANSMISSION MODULATION

20F

Figure 2.

301

221

O-12+

o7

2

?l

0(]8 "
I
B old:

%0

7.5

. Ll o
4 s 1 g0l 15 1

11.2 16.8

EDGE SPREAD
(MICRONS)

)
20

Planned (closed points) and obtained (opened

points) modulation and edge spread values for each cem.

GEMS

The master plate was used
to produce 19 photographic trans-
parencies, Gems. The Gems were
made" by reproducing the master
plate on Kodak High-Definition
Aerial Film, Type 3404, which was
then contact-printed onto Kodak
Fine-Grain Aerial Duplicating
Film, Type 8430. These two types
of film were selected because
they are used in many operational
reconnaissance programs. A mean
image density of 1.0 for both
films was selected since 1.0 1is
representative of the mean densi-
ty of aerial photographs produced
in many operational programs.
The reproduction of the master
plate onto Type 3404 film was
such that its contact print made
on Type 8430 exhibited the desir-
ed image modulation and edge
spread.

The closed points plotted in
Figure 2 depict the modulation
and edge spread planned for each
of the Gems and the open points
in the figure depict the obtained
modulation and edge spread char-
acteristics. The deviation of
the obtained values from those
planned was considered sufficient-
ly. small to warrant accepting the
Gems for use in the experiment.

4 For a detailed description of the procedure see Appendix B.
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" Figure 3.  Edge gradients of the fems.

Figure 3 shows plots of the edge gradlents for each of
‘the Gems produced. Because of the granular structure of the
film, a single microdensitometer trace is not a very, rellable
descrlptlon of the true edge gradlent Therefore the average
of three microdénsitometer traces was obtained by -superimpos-
ing the three traces. Figure 3 shows the average microdensi-

- tometer traces. Figure 4 illustrates an example of the super-

"imposition of three traces and the flethod used to measure and
describe the edge spread and modulatlon.v :

MODULAT ION¥ ' 24.5%
AVERAGE TRANSMITTANCE 10.2%
EDGE SPREAD 6.6u ‘ : . :

TRANSMITTANCE (T

MAXIMUM TRANSMITTANCE-MINIMUM TRANSMITTANCE 12.7-7. 7_24 54

*MODULAT'ON_MAXIMUM TRANSMTTTANGE M TN MOM- TRANSWMITTANCE 12.7%7.7

DISTANCE

Fiéhre 4. Superimposition of three microdensitometer traces and the method used to measure and de-
scribe the edge spread and the modu1at10n

12
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The edge gradient of the optical image incident on the
Type 3404 film corresponded to a Gaussian-shaped modulation
transfer function, i.e., the images used in the experiment
simulated the characteristics of an aerial camera forming
optical images with Gaussian-shaped point-spread functions.
But, the edge gradients of the images on the Type 3404 film
were not necessarily Gaussian because of the nonlinear res-
ponse of the film.

The Gems were mounted between two small pieces of micro-
scope cover glass for protection and for convenience in in-
serting and removing them from the measuring equipment.

SUBJECTS AND EQUIPMENT

The subjects were six operators experienced at measuring
photographic images. Their experience ranged from three-
quarters of a year to nine years with a mean of four years.

The operators used a Mann 621 Comparator for all measure-
ments. The Mann 621 Comparator, shown in Figure 5, is a bin-
ocular viewing device that has controls for varying the inten-
sity of transillumination, magnification, focus, and for

Figure 5. Mann 621 Comparator, center. Data translator (right) and IBM card puncher (left).

13
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" rotating the stage on which the photograph is placed. An X

and a Y control knob are used to place a cross-hair (located

~in the ocular) on an edge. The device was calibrated just;
prior to the experiment. ) '

An IBM card punch was linked to the Mann 621 via a data

translator.- When the operator had satisfactorily p031t10ned;7f ,
the edge he pressed a foot pedal and the X and Y coordlnates‘};n

of-the p051t10n were automatlcally recorded on a card.

EXPERIMENTAL DESIGN AND PROCEDURE

: The operator s task was. to p051t10n each of the four-ﬁ
' f1duc1als and the 57 edges on the ‘master- plate and on each’

“ Gem to be coincident with the ocular reticle. He first mea -

~ sured:the fiducial marks and edges on the master plate andi-

then measured each of the 19 Gems. The ordeér -of admlnlstra-
“tion of the Gems, with respect to the identifying numbers in.
Table .1, was 13, 3, 7, 22, 18, 4, 15, 20, 17, 10, .25, 12, 14,

2,719, 23 21, 16 “and 1. There was about ‘a one: week 1nter—. L’
’ Val between the adm1n1strat10n of each Gem to any one. operator,:

The operators rotatlonally allgned the stage so that the ;
vertical reticle line was parallel with the line labeled :
"start'" in Figure 1. The fiducials. were always p051t10ned

.E' first and-in the same order, viz. lower. left, upper left, ,
:_upper r1ght lower right. ‘The order in which an operator p031-"

~" tioned the edges of the Gems was varied randomly from one Gem
to the next, and the order was different for each operator.~

" These orders .of positioning were given to each operator in: the

~form of ‘a numbered 1list ‘and a large copy of Flgure 1, w1th

l.numbered edges

INSTRUCTIONS

Before each operator began the first experlmental se551on B

he was read the follow1ng 1nstruct10ns

- The purpose of this experzment 18 to investigate .
mensuration accuracy as a function of image res-
o olution,.contrast image size and shape. We are
not interested in measuring your individual per-
formance. However, we are interested in having
. you make measurements as aceurately as you can.
Please use the same measurement technzques in the
' »>experzment as you use in your datly work.

After you have pZaaed the approppzate photograph
~“on the stage, spend about ten minutes looking at -
- it to stabilize your vision. Then select the

14 ‘
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magni fication you wish to use and adjust the focus
control. Do this by looking at some of the edges
and not at the fiducial marks at the corners of

the photograph. -Once you have selected a magnifi-
cation level and adjusted the focus, do not change
them during the session. However, you may adjust
the intensity of the light source whenever you wish.

Note the images are not -symmetrical and consequent-
ly there are no common X-Y points on the edges to
be positioned. In other words you must change the
X-Y position of the cross-hair when going from one
edge to the next. Use the dot at . the intersection
of the cross-hair to position each edge.

Although we are primarily interested in the accu-
racy of mensuration in the X dimension, we also
want you to measure as accurately as you can in
the Y dimension. To measure in the Y dimension
follow these rules. For the straight edges on the
right side of the photograph place the center of
the cross-hair on edge 37. Then move the cross-
hair in the X dimension toward the edge you wish
to measure. For edges 59, 60, and 61 bisect the

Y dimension of the edge, for radii place the cross-
hair tangent to the arc and for angles place it at
the vertex of the angle.

Position each edge three times. After you have
positioned each set of ten edges, go back to the
fiducial number 1 (lower left hand corner of the
photograph) and check the readout you get. The
purpose of the check is to determine whether the
equipment is drifting. If the equipment is drift-
ing, please notify the experimenter. Work at your
own speed and rest whenever you wish. Now are
there any questions?

The following information was automatically punched on a
card after each positioning: (1) operator number, (2) Gem
number, (3) magnification, (4) order number of the edge, (5)
edge number, (6) positioning number for each edge (1, 2, or 3),
(7) X position in microns, and (8) Y position in microns.

S 15 . -
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COMPUTATION OF POSITIONING ERRORS

Measurements of the master-plate provided data used to.
spatially relate the edges to the fiducial marks.and thus pro-.
vide the true position of the edges relative to the fiducial

- marks. Image distortions due to physical changes in film -

occur during the fabrication, storage, and use of the Gems,
Consequently the spatial relations among each of the four fid-
ucial marks on each Gem may be different from those on the

.master plate. Accordingly, the measurement of the fiducial

marks of each Gem provided information on the direction and
magnitude of the distortions. After analytically accounting
for such distortions, the true positions of the edges in each
Gem are known. The discrepancy between the true edge position
and the position 1nd1cated by the operator was the positioning

- eTTOoT.

The eorrection of the-image,distortions'in the Gems was
performed as follows: A mean of the measurements made by the

Six operators was calculated for each edge and each fiducial

on the master plate. In addltlon, a mean of the measurements
made by each operator was calculated for each fiducial on each
Gem. Least squares theory was applied to form normal equations

‘”frdm those means. The solution of the equations: produced co-

efficients for rotation, translation, scale change in the X and

.Y directions, and orthogonalization of the coordinate system.

These coefficients were then applied to establish the positions.
of -the edges of each Gem. For each operator three X and Y posi-
tioning errors were computed for each edge on each Gem. The

-~ positioning errors were the difference between the value obtain-

ed for an edge on the master plate and for the corresponding
edge on the Gems. :

- The p051t10n1ng errors were 1nspected and two percent of

. them were discarded because they were suspected to be a result
-of improper operation of the instrument or positioning of edges

in the wrong order. A p031t10n1ng error was discarded if it
was in excess of about 50 mlcrons in the X or Y dimension..

A mean of the three X p051t10n errors was computed for

each operator - for each of the 57 edges on each of the 19 Gems.

| _The results described in this report are based on those means
" -and are hereafter referred to.as "pointing errors." The Y

~ position errors-were not analyzed ‘because the edges were or1—

'sented so that only X p031t10n errors were meaningful.

16
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Chapter IV

<:ANALYSES AND RESULTgw

THE PRECISION OF POINTING ON THE MASTER PLATE

The edges on the master plate were very sharp high-con-
trast images. These edges, which can be considered as '"ideal"
edges, were of far better quality than those encountered in
aerial photographs. The first analyses of the data were made
to determine the magnitude of the differences among operators
(standard deviations) in positioning these "ideal" edges.

A standard deviation® of the X-coordinate values was com-
puted for each edge and for fiducials 2, 3, and 4 on the mas-
ter plate. (A standard deviation could not be computed for
fiducial number 1 because all operators set the X coordinate
at zero for this fiducial.)

Inspection showed no relation between the magnitude of
the standard deviations and,

(1) the size of straight edges and of curved
edges

(2) the length of the radius.

However, there was a relation between the magnitude of
the standard deviations, and

(1) the size of pointed edges (angles)

(2) the acuteness of the angle

(3) edge polarity.

In those instances where there was no relation between
the magnitude of the standard deviation and a variable, the

standard deviations were averaged by taking the square root
of the mean of the variances.

5 The standard deviation is an index of variability. In a normal (Gaussian) distribution, the
standard deviation is interpreted as the values Between which about two-thirds of the observa-
tions lie. For example, if the stahdard deviation-is 2, two-thirds of the observations lie
between 2 units of the mean value. . °

17
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TABLE 4

AVERAGE STANDARD DEVIATIONS {IN MICRONS)
OF THE X-COORDINATE VALUES FOR THE FIDUCIALS,
STRAIGHT AND CURVED EDGES ON THE MASTER PLATE

FIDUCIALS

STRAIGHT
EDGES
{(RECTANGLES)

POLAR TY A
CURVED EDGES
(RADTI)

POLARITY B
CURVED EDGES
(RADIT)

AVERAGE
STANDARD

DEVIATION . |

2.1

Col.a

2.1

-RANGE OF

" STANDARD |~
"1 DEVIATIONS

0.6-1.1-

1.1-3.2

0.9-2.0

1.5-2.9

7 NUMBER OF
STANDARD

DEVIATIONS

TABLE 5

STANDARD DEVIATIONS (IN MIéRONS)
OF THE X-COORDINATE VALUES FOR THE
POINTED EDGES ON THE MASTER PLATE

1. POLARITY A POINTED

EDGES (ANGLE IN DEGREES)-

. POLARITY

8 POINTED

EDGES (ANGLE IN DEGREES)

22 I 45"

90 - 135

22 45

90 135

48 |

96

EDGE SIZE

(IN MICRONS)

190

Inspection of Tables
4 and 5 shows that the
standard deviations for
the polarity-B edges were
slightly larger than those
for polarity-A edges, but
the differences were smaill,
being of the order of 0.5
micron. In addition it ‘can
be seen from Table 5 that

‘the standard deviation in-
creased as .the angle became -
‘more acute, h

and, with the
exception of the angles of
22 degrees,

In summary, some two-

thirds of the operators%

positicned 'ideal' edges:

“within the range of *1 to
‘about *4 microns of the.:
“true location.
“-the magnitude of the stan-
dard deviation was shown to
depend on the edge shape
the acuteness of the ang;e

the edge polarity, and on

‘the size of the p01nLeu%
1edges (angles)

- PRELIMINARY ANALYSES OF THE'POINTING ERRORS

FOR EDGES ON THE-GEMS

Prellmlnary statistical tests were performed of both the
means. and the standatd deviations of the pointing errors -on ,

the Gems.

These tests were performed separately. for each Gem:

(edge spread- modulatlon combination) to determine whether or
“the curvature, or the size-of the edge ‘

errors.
sults,

“not the angularity, : :
- affected elther the mean or standard deviation of the D01nt1ng o

The tests, in cenjunction with inspection of the re-
were used primarily to assess which variables could be

ing errors.

18
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Means of the Pointing Errors

Five analyses of variance of the mean pointing errors
were performed for each of the 19 Gems, resulting in a total
of 95 analyses. The five analyses were as follows: pointed
edges (4 angles) by edge size, one for polarity-A and one for
polarity-B; curved edges (4 radii) by edge size, one for pol-
arity-A and one for polarity-B; and one for the size of
straight edges (rectangles).

A summary of the analyses and the conclusions follow:

1. The differences among the mean pointing errors
for the three edge sizes were statistically
significant (p <.05) in 33 of the 95 analyses,
but the differences among means were usually
about two microns or less. Inspection showed
that from one Gem to the next the mean error
for any one edge size was not consistently
larger or smaller than that for another edge
size,

Because the differences among means were small
and inconsistent it was concluded that the edge
size did not affect the mean of the pointing
errors for any of the edge shapes.

2. The differences among the mean pointing errors
for the four radii were statistically signifi-
cant (p <.05) in 14 of the 38 analyses (2 pol-
arities x 19 Gems), but again the differences
among means were about two microns or less.
Inspection showed that from one Gem to the next
the mean error for any one radius was not con-
sistently larger or smaller than that for other
radii.

Because the differences among means were small
and inconsistent, it was concluded that the
amount of curvature (radius) of the edge did
not affect the mean of the pointing errors.

3. The differences among the means of the pointing
errors for the four angles were statistically
significant (p <.05) in 25 of the 38 analyses
(2 polarities x 19 Gems). In the 25 analyses
where there were significant differences among
means, the mean error increased as the angle
decreased. The same relation was observed in
9 of the 13 analyses in which the differences
were not statistically significant.

% 19 o
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It was concluded that the acuteness of the angle’
affected the mean of the pointing errors. ‘

4, In addition to the results reported above, in- ‘
spection showed no consistent differences between;
the mean error for straight edges and polarlty B :
curved edges from one Gem to the next. ‘

It was concluded that there was no dlfference in |

the means of the errors for polarlty B curved.
edges and for stralght edges. : RS

Standard Dev1at10ns of the P01nt1ng Errors

Five stat15t1ca1 analyses of the standard dev1at10ns
| | were performed for each of the 19 Gems.. These

analyses were performed for the same combination of varlables B
descrlbed in the previous section. - A e ,; Ca s

-

" A summary of the analyses and the conc1u51ons follow

1. The differences among standard dev1at10ns were
"+ . statistically 51gn1f1cant (p £.05) in'only:6 of
the 38 analyses of curved edges (radii). by edge
size. In addition, in ‘each of these 6 analyses s
no more than two of the standard deviations were -
statistically different from the remalnder, and>‘
there was no systematic change in the standard’
deviations as a function of- the rad1us 1ength or
-edge size. :

It was concluded that the amount of" curvature
and the size of curved edges did not affect the
standard deviations of. the p01nt1ng errors*ff

2. The differences among standard dev1at10ns were
not statistically significant: in ‘any of the 19
analyses of the size of stralght edges :

It was concluded that the size of stralght edges
did not affect the standard deV1at10ns of the
location errors. .

3. The differences among standard dev1at10ns wereA
" statistically significant in 19.of the, 38 analy—
ses of pointed edges (angles)’ by size.. The stat
istical significance was.usually’ due to the - ‘acu
ness of the-angle. The results. showed that in 3
of the 38 analyses the magnitude of the- standard
deviations increased as the. .angle déecreased:
However, there was no systematlc change in the
standard deviatioens w1th changes 1n edge’ 51ze

20 . : N A,;“A -
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Thus, there was no apparent relation between
the magnitude of the standard deviations and
the edge sizes, but there was a relation be-
tween the magnitude of the standard devia-
tions and the acuteness of the angles.

4. Inspection showed no systematic differences

in the standard deviations for polarity-B
curved edges and straight edges.

Combination of Variables Within Gems

As a result of the preliminary analyses, it was concluded
that edge size for.all edge shapes, amount. of edge curvature,
and polarity-B curved edges versus straight edges did not affect
pointing errors. Consequently these data were pooled and 10 new
error scores were computed for each operator for each of the 19
Gems. These scores were as follows:

1. A mean pointing error for each of the four
polarity-A angles and each of four polarity-B
angles. Each score was the mean of the point-
ing errors for the three edge sizes.,

2. A mean pointing error for what will be re-
ferred to hereafter as polarity-B curved/
straight edges. This score was the mean of
the pointing errors for the nine polarity-B
curved edges (radii by size, polarity-B) and
those for the three straight edges.

3. A mean pointing error for polarity-A curved
edges. This score was the mean of the point-
ing errors for the nine polarity-A curved
edges.

An average standard deviation was computed for each of the
ten sets of edges for each Gem. The standard deviation for
each of the eight pointed edges (angles) was the average of the
standard deviations for the three edge sizes. The standard de-
viation for the polarity-B curved/straight edges was the aver-
age of the standard deviations for the nine curved edges and the
three straight edges, and for the polarity-A curved edges it was
the average of the standard deviations for the nine curved
edges.

21
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THE EFFECTS OF THE EDGE

SPREAD, MODULATION, SHAPE,

"AND POLARITY OF THE EDGE ON THE MEANS
AND THE STANDARD DEVIATIONS OF THE POINTING ERRORS

(MICRONS)
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F1gure 6. Mean po1nt1ng errgr for po]ar1ty A
edges as a funct1on of edge spread. A1l modula-
tions combined. .

"MEAN POINTXNG,ERROR .
(MICRONS) .
'
o
¥

S Bl CURVED EDGES

14|, = 135°% ANGLE .
Ty =m== 90 v | POINTED"
EDGES

? —= 2z .

-1~ NN | t NI PR
. |§0 . T ‘

) - 7.5 11.2 . 16.8 - 24

- EDGE SPREAD
e . (MICRONS)

Figure 7.  Mean pointing error_for polarity-B
.edges as a function of edge spread. All modula-
., tions combined. : -
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Means of the Pointing Errors

The mean error. for each édge
was plotted as a function of mod-

- ulation and'edge -spread. The -

magnitude of the mean pointing

error- was not systematically re—~;°

lated to the modulation. Inspec—
tion of the results showed a- :

slight tendency for the mean errorf
‘to increase as the modulation de- .
creased, but this tendency was not..

consistent across edge spreads, or

from one edgesshape to another.

To increase the relfébilﬁtypyk
.of the means, a mean pointing

error was computed for each edge
at each edge spread by averaging
across modulatlons In other .

words, modulation was dlsregarded
" as a variable in the descrlptlon S

of the mean ErToTrSs.

Figures 6'and 7 show the?

mean pointing errors for edges of

both polarities as a function .of
edge spread. Negative values !in-

‘dicate the mean location was to
“the left of the true edge, and
‘positive values indicate that it
- was to ‘the-right of the true edge.
- -(See Figure-1 for the orientation

of the edges). A negative errior

for polarity-A edges .indicates the!:

mean pointing was on the more .
transparent side of the edge and
a positive error indicates 1t was
on the more opaqué side of the
edge; the converse was true for

polarity-B edges

The results-for1polarity—A

-edges show that there was a gen-

eral negative error for all edges

~and little. or no difference in the’
-error for curved edges and the

22
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angles of 135 degrees. In addition, the negative error in- .
creased as the edge spread increased and the angle decreased.
The results for polarity-B edges, unlike those for polarity-A
edges, were not consistent. There was a slight general neg-
ative error and possibly a slight increase in the negative
error as the angle decreased.

N

L

Two peculiarities of the results were apparent for pol-
arity-B edges (Figure 7). First, the curve for the angle of
45 degrees was not consistent with those for the remaining
edges. The results indicated that there was something unusual
about this edge, but visual inspection of the edges on both
the master plate and the Gems revealed no artifact. Never-
theless, the data appeared suspect so the mean errors for
edges of 45 degrees, polarity-B, were disregarded.

s .

Second, the mean error for all edges combined was slight-
ly negative at the smallest edge spread, decreased to about
zero at edge spreads between 11 and 16 microns and again was
slightly negative for an edge spread of about 24 microns. As
this same relation held for each edge the general relation
appeared to be reliable. (Whether or not the relation was in
fact reliable is of little practical significance because the
change in the mean error was quite small for each edge shape.)

N N .

A comparison of the results in Figures 6 and 7 shows that
for pointed edges of 90 degrees or less, the mean errors are
much larger for the polarity-A edges than for the polarity-B
edges, particularly at the larger values of edge spread and
for the most acute angle.

]

Standard Deviations of.Pointing Errors

As stated earlier, there was no apparent relation between
the mean pointing error and modulation so the means of the
pointing errors were averaged across modulations. There was,
however, a relation between the standard deviation and modula-
tion; consequently the standard deviations were not averaged
across modulation., -

Il N =N

The magnitudes of the standard deviations as a function
of modulation and edge spread are plotted for polarity-A edges
in Figures 8 through 12 and for polarity-B edges in Figures 13
through 17. Each figure shows the results for one type of
edge.,

Each figure shows the same general relation between the
standard deviation, modulation, and edge spread. Although the
relation is not perfectly systematic for each edge, the data
indicate little or no systematic difference between the stan-
dard deviations for the three highest values of modulation

R IR e N Em
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Figufe 8. Standard deviations of the pointing
errors for polarity-A curved edges as a function
of modulation and edge spread.
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Figure 10. Standard deviations of the pointing
errors for polarity-A 90° angles as a function of

. modulation and edge spread.
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Figure 17, Standard deviations of the pointing -
errors for polarity-B 22° angles as a function of
modulation and edge spread.

Figure 16. " Standard deviations of the pointing
-.errors for polarity-8 45° angles as a function of
modulation and edge spread.

.50), a slightly larger standard deviation forl
a modulation of .15 -than for the three higher modulations,
-and a larger standard deviation for a modulation of .10 than
for the four largest modulations. In addition, the results
showed that the magnitude of the standard dev1at10n (1)
increased as the edge spread increased and this increase was-

“larger for the more acute angles, and (2) increased as the
acuteness of the angle increased.

(.22, .33, and

If the curves for a modulation value of .10 are dlsre-
garded (the images of these edges were barely visible), it:is
apparent that the magnitude of the standard deviation was !
',affected more by edge spread than by modulation. e

Operator Errors in Measuring the Extent of Images _;J o

¥
!

The accuracy (meéan) and prec151on (standard dev1at10n)
of the operators' measurements of image extent--or the distance
between edges--can of course be calculated from the mean and-
. the standard deviations of the pointing errors. On the other
“hand, a very large variety of.image shapes may be generated
from combinations of the edge shapes included in this experi-
ment and the cost of making the required calculation for every.
p0551b1e image shape for each comblnatlon of edge spread and

26
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modulation would be prohibitive. Instead, the data and rules
required for computing the mean and standard deviation of
image extents are given in Appendix A.

THE MEASUREMENT OF BAR WIDTHS

- Preliminary statistical tests were performed on both the
means and standard deviations of the operators' errors in mea-
suring widths of bars. These tests in conjunction with visual
inspection of the data were used to assess which experimental
variations could be disregarded in the final description of
the results.

Preliminary Analyses--Mean.of Measurement Errors

A measurement error was computed for each operator for
each of the six bars on each of the 19 Gems. The measurement
error for each bar was obtained by subtracting the pointing
error of the left edge from that of the right edge. Each of
the six operators had six measurement errors, one for each bar,
on each of the 19 Gems.

~An analysis of variance of the measurement errors was com-
puted for each Gem (modulation-edge spread combination) to test
the effects of the width and the transmittance of the bars on
the mean measurement error. The results of the 19 analyses
showed that the differences between the mean error for the low
transmittance and high transmittance bars were statistically
significant (p <.05) in ten of the 19 analyses. In each of
those ten analyses, the mean error was larger for the low trans-
mittance bars. In addition, the mean error was larger for the
low transmittance bar than it was for the high transmittance
bars in seven of the nine analyses in which the differences be-
tween means were not statistically significant. The analyses
also showed that the differences among the mean errors for the
three widths (6, 12, and 24 microns) were statistically signi-
ficant (p <.05) for 12 of the 19 Gems, and for all 19 Gems the
mean error increased as the width decreased. It was concluded
that the width and the polarity of the bars affected the. mean
measurement error.

To determine whether modulation and edge spread affected
the mean measurement error, the mean error for each of the six
bars was plotted as a function of modulation and edge spread.
Inspection showed no consistent relation between the mean error
and level of modulation from one width to another. Consequently,
modulation was disregarded as a variable in presenting the mean
measurement errors. The results did show a consistent relation
between the mean error and edge spread--the mean error increased
as the edge spread increased.

27
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Preliminary Analyses--Standard Deviations of Measurement Errors

Six standard deviations of the measurement errors were
computed--one for each of the six bars in each Gem. A stat-
istical analysis (] lof the significance of diff-
erences among the six standard deviations was made for each
of the 19 Gems. The results of the analyses showed that the
differences among standard deviations were statistically -sig-
nificant (p <.05) in only three of the 19 analyses, and 1in
each of those three analyses, only one standard deviation:was
statistically different from the others. It was concluded

that neither the bar width nor the polarity of the bar affect-

ed the magnitude of the standard deviations.

To determine whether modulation and edge spread affected
the standard deviations, the standard deviations for each; bar
were plotted as.a function of modulation and edge spread.:
Inspection showed no &onsistent differences among . the stan-
dard deviations for the four higher modulations (.15; .22,
.33, and .50). The only consistent difference was between
the lowest modulation (.10) and the four highest modulatioens.
In addition, there was an increase in ‘the magnitude of the

standard deviations for edge spread values in excess of about _ -

11 microns. : ‘ i

: In light of the results described above, an averagepﬁ =
~standard deviation was computed at each edge spread for bars . -

of .10 modulation, and for bars of .15 to .50 modulation’’
combined. The average standard deviations for bars of .10
modulation was . -the average of six standard deviations (2
polarities x 3 bar widths), and that for bars of .15 to .50

‘modulation was the average of 24 standard deviations (2

polarities x 3 line widths x 4 modulations).

Means and. Standard Deviations of
Measurement Errors "

et ~ TBAR WIDTH

—— 6 MICRONS
2 , ;
';"é; : . Figures 18 and 19 show the
' pd means of the measurement errors
e as a function of edge spread and
. the bar widths. The positive
values on the ordinate indicate
ya the magnitude of overestimation
T s of bar widths and the negative
‘ values indicate underestimation
) i : of the bar widths. For example,
: in Figure 18 the 12-microns-wide
bar .that had an edge spread of

MEAN MEASUREMENT ERROR
(MICRONS)

ce 11.2 microns was overestimated
S A pe 0 24 by about 5 microns; that is, it
~ " (MIcRONS) was measured as 17 microns wide.
Figure 18. Mean measurement error for low trans- :
mittance bars as a function of edge spread and bar
width. A1l modulations combined.
' ‘ 28
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lar BAR WIDTH

—— 6 MICRONS
12
e 24

MEAN MEASUREMENT ERROR
(MICRONS)
o

7.8 11.2 16.8 24

EDGE SPREAD
(MICRONS)

Figure 19. Mean measurement errvor for high trans-
mittance bars as a function of edge spread and bar
width. A1l modulations combined.

TABLE 6

AVERAGE STANDARD DEVIATIONS IN MICRONS OF MEASUREMENT
ERRORS FOR THE FIVE EDGE SPREADS AND FOR
.10 MODULATION AND FOR .15 TO .50 MODULATIONS COMBINED

EDGE SPREAD (MICRONS)

MODULATION

.15 T0 .50 2.2 2.0 2.1 3.0 7.5

.10 2.7 3.6 3.5 7.5 *

*THE GEM REPRESENTING THIS CELL WAS NOT INCLUDED IN
THE EXPERIMENT.

Figures 18 and 19 show the
same general relation between
the width of the bar, edge spread,
and the mean measurement error.
With the exception of the high-
transmittance, 24-micron-wide bar,
overestimation of the width in-
creased as the edge spread in-
creased. This increase in over-
estimation was greatest for bar
widths of 6 microns and 12 microns
and least for a bar width of 24
microns.

A comparison of the results
in Figures 18 and 19 shows an
obvious difference in the measure-
ment errors of low and high trans-
mittance bars. The widths of the
low transmittance bars were over-
estimated more than were the
widths of the high transmittance
bars. This was true for each of
the bar widths and at all edge
spreads.

Table 6 shows the average
standard deviations of the mea-
surement errors for the five
edge spreads and for .10 modula-
tion and for .15 to .50 modula-
tions combined. The results show
that for all modulations the
standard deviations remained con-
stant up to an edge spread of
11.2 microns and then increased.
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Chapter V

<éISCUSSION AND APPLICATION OF RESULT%)

QUALIFICATION OF THE RESULTS

The purpose of the present experiment was to provide
estimates of the accuracy and precision with which operators
measure different kinds of photographic images. Although the
purpose was achieved, the reliability of some of the. estimates
was lower than desired. This low reliability was, in part,

a result of using too few (six) operators. ’

There are two consequences of low reliability. First,
some of the estimates provided may differ considerably from
the true (population) means and standard deviations. Second,
there is a lower likelihood of detecting real differences in
measurement errors as a function of an experimental variable.
For example, in this experiment it was concluded -that the level
of modulation did not affect the mean measurement error. Al-
though the results seemed to warrant this conclusion, it may
be that the low reliability precluded the detection of real
differences among the means.

The implications of the above discussion are that (1) the
means and standard deviations described in this report are
statistics and, as such, should be interpreted as approxima-
tions of the true (population) values, and (2) a much larger
number of operators, at least 25 or 30, should be used in
studies of measurement errors.

ATTEMPTS TO RELATE ACTUAL EDGE POSITIONS WITH POINTING ERRORS

Since it would be desirable to predict the accuracy of
pointing from the position of the actual edge on the density
gradient of the edges, the following examination was made:

The positions of the actual edge on the optical density edge-
gradients of several Gems was determined using microdensito-
metry. The position of the edge on the gradient differed among
Gems. Attempts were made to relate the mean pointing errors

to the positions of the actual edge, but the instability of

the means of the pointing errors was such that no relation was
apparent.

31
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THE RELATIVE CONTRIBUTIONS OF .EDGE SPREAD
AND MODULATION TO MEASUREMENT.

The results indicated that differences in edge spread
contribute more to both the precision and accuracy of measure-
ment than do differences in modulation. A change in the edge
spread from 5 to 24 microns increased the standard deviation -
of the pointing errors by about 3 microns for curved and"
straight edges, and by about 14 microns for an angle of 22
.degrees The mean pointing error also increased by about &
or 6 microns for the more acute angles. In addition, the-
mean error in measuring bar widths increased by a few mic¢rons
for a 24-micron wide bar and by as much as 10 or 12 mlcrons
for a 6- mlcron wide bar. :

Changes in the modulation had no effect on the mean:error.
In addition, changes in modulation from .50 to .22 had little
or no effect on the standard deviations. The standard dev1a—
tions increased only when the modulation was reduced to about

.15 or .10--a modulation so low that the image was barely
v151b1e° ,

It would seem reasonable to conclude that increases 'in’
modulation beyond .22 would not improve the accuracy or pre-
cision of the operators' measurements. But, a reductionof
the edge spread would result in a substantial 1mprovement in
both the accuracy and the precision of measurement ‘

APPLICATION OF RESULTS - ;

The results descrlbed in Appendix A should be used to
predlct the measurement error for images formed by edges that
do not have overlapping edge spreads; that is, the distance
between the edges should be greater than the edge spread.

This position is supported by the results for bars which show-
ed that the mean measurement error increased when there was
an overlap in the edge spread of the edges forming the bar

One obvious appllcatlon of the results is to avoid, 1f
possible, the estimation of image length (or distances) from
the location of pointed edges, particularly when the edge is
a 90 degree’angle or less and has a polarity of A. The re-
sults showed that, in general, the location of pointed edges
was less accurate and less precise (less agreement among' oper-
s ators) than the location of straight or curved edges.
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APPENDIX A

THE COMPUTATION OF THE MEAN AND THE
STANDARD DEVIATION OF MEASUREMENT ERRORS

In this section the rules will be given for computing
the mean and the standard deviation of the operators' mea-
surements of images (or distances between edges). Several
examples of different image shapes will be given to illus-
trate and clarify the rules.

The Mean of Measurement Errors

‘Table 1A shows the mean of the pointing errors at each
edge spread for the different edge shapes and the two pol-
arities. A negative mean indicates the mean error was to
the left and a positive mean indicates it was to the right
of the edges shown in the table.

TABLE 1A To compute the mean mea-

MEAN POI 3
LTI SRROR (11 AICRONS) £OR A DieFEent surement error for a given
AT EACH EDGE SPREAD. ALL MODULATIONS COMBINED. image’ one must determine
Ser SPRER (RICRORST whether the mean for each of
50 | 7.5 112 | 168|210 the two edges is inside or-
i | o | e |00 | 07 | -0 outside the image. Of course,
the position of the mean de-
< A e T L e B pends on the orientation of
o 000 |50 | 23 Lose | cas | o the edges forming the image.
== So, the mean measurement
= O R I I A error for an image is com-
22° -5.4 |-10.2 | -9.9 {-t5.4 | -0.0 PUted by elth?r addlng_’ add-
R ing and changing the sign, or
STRALGHT | -0.8 | -1.5 1 +0.3 | -0.3 | -2.3 subtracting the mean pointing
o (B e | oo | o [vis | w0 |ai errors for the two gdges.
Lo b Three examples of different
S|P co0 |-1o 22 |0 e |3 image shapes should clarify
S 1w ese |z | s L2z | ot | e and illustrate the rules for
— — computing the mean measure-
A 22° -3.9 -2.0 |-3.5 +0.8 | -5.8 ment error.

*THE VALUES REPORTED FOR THIS EDGE ARE THE MEANS OF THE
90° AND 22° EDGES AT EACH EDGE SPREAD (SEE PAGE 23 OF THE
REPORT FOR AN EXPLANATION). ~
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Figure 1A shows three representa-
tions of hypothetical images. The
edges of each '"image'" are 90 degree
angles. Example a is formed by a pol-
arity-A and a polarity-B edge, example
b 1s formed by two polarity-B edges, f
and example ¢ is formed by two polarlty-
A edges. Assume the edge spread is 16.8
microns The dot: on the vertical line

B ebta‘m TY-A
: relative to the edge, and the number*’
above the line 1is the mean pointing

error in microns.: (The numbers were:
taken from Table 1A )

Figure 1A. Exarﬁp]es of hypothe- : i ‘§
tical images. The dot on the To compute the mean measurement :

. line shows the location of the i
mean error relative to the edge. error for example a, subtract the mean
the mean pointing error in mi- -pointing error of -4.3 from +1.4. The

mean measurement error to be exnected
is +5.7 microns when operators measure

this kind of image with an edge spread of 16.8 microns. :That

is, this image will be measured about 6 microns longer than
1ts true length. ~This example illustrates the first rule.

7 If -the signs of the means of the pointing errors for the itwo. -

edges are different and (1) each mean is outside the 1mage
subtract the negatlve mean from the positive mean (2) each
mean 1is inside the 1mage, subtract the positive mean from
the negatlve mean.

To compute the mean measurement error for example b

add the pointing errors of +1.4 and +1.4. The mean measure-.

ment error expected for this image would be +2.8 microns.
This example illustrates the second rule.  If a positive -
mean for each edge indicates each mean is outside the image,
or if a negative mean for each edge indicates each mean 1s
inside the image, add the two means.

"To compute the mean measurement error for example c,
add-the pointing errors and change the sign of the sum. j
The mean measurement error for this image would be +8.6 mic-
rons. This example illustrates the third rule. If a nega-
tive mean for each edge indicates each mean is outside the
image, or if a positive mean for each edge indicates each
meéan is inside the image, add the two means and change the
sign of the sum.

The Standard-Deviation of Measurement Errors

Tables 2A through 20A show the standard deviations and
the variances of the pointing errors for each edge at the
different comblnatlons of edge spreads and modulations.

i
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TABLES 2A through 20A

Each of the following tables shows the standard deviations
(S) and variances (s?) of the pointing errors for the dif-
erent edges for one combination of edge spread and modula-
tion. The numbers in the body of the tables are correlation
coefficients.

TABLE 2A

EDGE SPREAD-5.0 MICRONS
MODULATION-.10

POLARITY-A POLARITY~A POLARITY-8 POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRATGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 4.5 | 6.0 €.0 | 14.9 3.6 4.3 1 7.1 8.0 | 111 4.5
5 52 | 20.02[35.61| 35.92[224.31| 12.78 18.52(50.98 | 63.99 [124.02 19.90
<« o~ 135°| 4.5] 20,02 .77
To o
[t °
Frwa 90°] 6.0 35.61 90| .57
x—0z
sEwE 45° 6.0 35.92 45 19 85
o
o 22°[14.9 [224.31 58| .28 .65 .67
POLARITY-A
CURVED EDOE 3.6 12.78 97| .93 48 54 74
o - 135° 4.3| 18.52 .49 .25 .62 .94 .53 .80
o o
b 90°| 7.1 | 50.98 .24] -.03 .61 .92 .25 93| .88
—Z00
x—-—no=
oWz 45°) 8.0 63.99 .54| .42 .47 .82 .63 .95/ .80 .46
o
[ 22°011.1]124.02 .68 .51 .20 .83 .64 81| .66 .82 4
POLARITY-B
CURVED/STRAIGHT EDGE 4.5 19.90 L7 .42 .40 .79 .65 .76 .57 .70 .85 .64
TABLE 3A
EDGE SPREAD-7.5 MICRONS
MODULATION-.10
POLARITY-A POLARITY-A POLARITY-B POLARITY-B
POINTED EDJES (ANCLES)Y CURVED POINTED EDGES (ANGLES) CURYED/
EDGE STRAIGHT
|35° 20° 45° 22° 135° [ 90° 45° | 22° EDGE
s 6.6 | 6.4 6.5 6.1 3.8 7.8 | 3.0 5.3 |19.9 5.3
3 sz | 43.23(41.60] 42,41 | 36.98| 14.46 61.05| 8.76 | 28.41 [394.36 27.86
13590 6.6 | 43.23| ~.17
20° 6.4 1] 41.60 -.80 .32
45°] 6.5 | 42.41| -.a7f .79 .09
zz°| 6.1 | 36.98| ~.48| -.01 .09 .06
POLARITv-4
cuRves EmaE 3.8 14.46 .55 -.8I .50 .32 NE
o - 135°] 7.8 | 61.05| -.35| .30 .48 .52 -.34 .66
T
o 90°( 3.0 | 8.76} =-.03| ~.2¢8| -.t9 57 06 76 23
-z
@x = z
<cS% 45°| 5.3 | 28.41| -.64] .31 13 .61 -.82 L7190 .77 .40
<
S 22°l16.9 (394.36| -.44| -.05| -.33 .54 - 18 46| .75 .87 .64
POLAR!TY-8B
CURVED/STRAIGAT fper| 53| 27-86 06 I3 61 26 -.12 82 50 32 -.06 47
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TABLE 4A

EDGE SPREAD-11.2 MICRONS
MODULATION-.10

POLARITY-A POLARITY-A POLARITY-B POLARITY-5
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURYED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 7.1 ] 4.9 }io.9 | 10.4 4.9 7.4 | 8.4 4.9 8.8 4.1
s s2 | 49.97124.04]117.99 |t08.41| 24.31 55,03]|70.10 | 24.17 | 77.54 17,00
< -~ 135° 7.1 | 49.97] -.43
Ta ®
I .
= 90 4.9 24.04 i9 .44
x—-—az=
ggW5 45°[10.9 |117.99 .50 .78 .49
& | 22°|10.4|108.41 .07 .80 .78 .27
POLARITY=-A
CURVED EDGE 4.9 2431 -13| -.18| -.23 .24 62
o - 135°] 7.4 55.03 .24] -.42| -.62| -.52 42 .55
- lem - - -
v 90°] 8.4 70.10 .42{ -.24| -.36-| -.30 .23 .83] .55
—Z OV
-0z
<owx 45°( 4,9 | 24.17| -.t5). .43 13 .14 -.60 -.25 15 .38
o
T 22°f 8.8 77.54| -.55{ -.56{ -.86| -.4! .46 .57 .49 .06 L0l
POLARITY-B 5
CURVED/STRAIGHT Eoge| 4-1] 1711 208 -.20) =55 | -.24 .57 92| .84 | -.07 .68 .56
TABLE 5A
EDGE SPREAD-16.8 MICRONS
MODULATION-.10 -
POLARITY-A POLARITY-A POLARITY-B POLARITY-B|
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135 | 90° 45° | 22° EDGE
s 1.7 {10 | 16.4 | 18.0 7.6 7.0 [ 7.t |11z | 27.8 6.1
5 52 [137.50]120.39(267.68 [523.41| 57.64 48.99[5t.10 [124.75 [764.24 36.62
< - y350[11.7]137.50 .75
L 2wl
il aviton 90°|11.0{120.39 .26| .03
—ZOC
x—0=Z
<ouws= 45°|16.4267.68 .68} .86 .36
< .
& 22°|18.0(323.41 14 .88 .76 .37
POLARITY-A : B
CORVED EDGE 7.6| 57.64 .70 13 .55 .29 .26
o - 135° 7.0 48.99 .50 -.57] -.22} -.67 .22 .29
L=} wi
TEGY 90°| 7.t| 51.10 350 -.34| -.02} -.52 .39 .43 I
tzeg
ooz 450 11.2}124.75 75| ~.37 06| -.51 .4l .94] .51 .04
— 0. ~
g 220127.6|764.24 73| -.37 09| -.48 .55 91| .64 .96 .76
POLARITY-B -
CURVED/STRAIGHT EDGE| 6.1 36.62 .00 ~.46 -.28 -.03 44 L2040 -.23 13 14 .1
TABLE 6A
EDGE SPREAD-7.5 MICRONS
MODULATION-.15 .
POLARITY-A POLARITYZA POLARITY-B POLARITY~B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 3.2 | 7.4 6.6 |10.3 3.4 3.4 | 4.4 5.1 7.8 4.0
H 52 10.45]|54.79 | 43.58 [106.44 1.30 11.34419.22 [ 26.39 | 60.25{ 15.82
PR 135°] 3.2 10.45 .41
ra v
v 90°( 7.4 | 54.79 04 30 .
FEwg . . . .
x—0Z N
28‘“5 45° 6.6 43.58| -.28 .22 .47
& 22°(10.3 {106.44| -.23| .52 .88 .60
POLARITY-A . : .
CURVED EDGE 3,41 11.30 .77| <.39f -.07| -.08 .70
@ -~ 135°0 3.4 14.34] -.15] -.77 38§ -.04 .25 .70
[} w
faadvigr 90°| 4.4 19.22) -.26| -.43 .53 .24 .09 .82 .75
—Z OO
x-—-o=Z
<owx 45°f 5.1 ] 26.39] -.73| -.03 .44 .28 -.58 .40 .74 | -.03
o .
& 22° 7.84 60.25| ~-.36] .34 .51 .29 -.65 .13 13 41| =210
. FOLARITY-B
CURVED/STRAIGHT Epge| 4-0f 15-82] =-.19| -.78 .35 Lol .31 .96/ .88 47| -07 .77

'
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TABLE 7A
EDGE SPREAD-24.0 MICRONS
MODULATION-.15
POLARITY-A POLAR I TY-A POLAR!TY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 220 EDGE
s 7.4 [ 7.3 | ie.0 | 19.0 8.0 4.4 [e.5 [16.1 {17.a 8.5
s s2 | 50.3 [52.77 [256.73 [360.63] 63.78 19.50172.35 |258.33{303.8i 72.13
< o~ t35°] 7.1° 50.3 .29
Ta o
:wmw °
Fowo 90°| 7.3 52.77 .90| .50
x-0z
<Quws= 45°116.0 [256.73 .44 .36 .72
o
& 22°|19.0 [360.63 .89 .84 .21 .42
POLARITY-A
CURYED £06 8.0 63.78 .88( .60 .36 .78 .71
o o~ 135 4.4 19.50| -.70] -.52| -.6a] -.74 -.72 .76
180l
jatadtvie 90°[ 8.5 72.33 04| .26 -.34 .41 -.18 -.01{ -.0!
=282
<ouz 45°116.1 [258.33] -.29]| -.35 59 | -.23 -.22 -.36| -.02 .20
o
< 22°17.4 [303.81| -.85] -.70 .32 -.64 -.51 10| =17 .88 .73
FOLARITY-B
CURVED/STRAIGHS Eoce| 875 | 7213 .33 4t -.s8 64 .24 -.08f .79 | -.53| -.67 16
TABLE 8A
EDGE SPREAD-7.5 MICRONS
MODULATION-.22
POLARITY-A POLARITY-A POLARITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 3.8 | 4.4 4.3 6.2 2.2 3.3 | 2.9 3.8 3.8 2.0
s 52 14.60[19.04| 18.36 | 38.23 4,67 10.62] 8.36 | t4.57 ] 14,54 4,21
< — 135°| 3.8 14.60 .67
[ =] w
=g ol 4.4 19.04 28| .20
Fpug 30 . o4 .
x—aoz
sgpws 45°| 4.3| 18.36 .24 .96 .85
(=]
& 22°| 6.2 38.23 .27 .80 .82 .79
POLARITY-A
CORVED EDG 2.2| 4.67 .66 .43 .39 .04 .45
o - 135°) 3.3] 10.62 L77] .21 20| -.06 .94 .52
L=} w
[t 90°f 2.9! 8.36 .46| -.10] -.03| -.37 .80 .89| .08
—_—ZOW
-0z
<ouwx 450 3.8 14,57 57| .05 At -2 .88 94| .97 .82
o
o 22°| 3.8 t4.54| -.14] .80 74 .37 .43 12| Lou 12 .28
POLARITY-B
CURVED/STRAI G EDge| 2:0| 4-2! 230 -.49) -.59} -.83 .44 .50] .60 58| -.20 .77
TABLE 9A
EDGE SPREAD-11.2 MICRONS
MODULATION-.22
POLARITY-A POLARITY-A POLARITY-B POLAR!TY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
£DGE STRAIGHT
135° | 90° 450 22° 135° | 90° a5° | 22° £0GE
s 2.5 | 2.0 4.9 4.6 2.9 3.7 | 3.8 4.0 5.1 3.6
s 52 6.25 3.97| 23.63 | 21.35 8.66 15.95]14.11 | 16.39 | 25.88 12.65
< o~ 135°] 2.5| 6.25 -.40
1o w
> w v
[afadvige 90| 2.0| 3.97| -.10| .26
—Z 0O
@ —-—0=Z
(j)g‘“f 45° 4.9| 23.63 42| -.52 -.22
= 22°| 4.6 21.35 1lo.s2 .39 .57
POLARITY-A ~
CURVED thaE 2.9| 8.66 200 .77 73 .02 .68
o - 135 3.7 13.950 -.11] .e2| -.85| -.17 .80 .58
=] 1)
joatviar 90°| 3.8 14.11 .21 -.05 .27 .01 -.20 L0 L35
—Z Oy
x—0=z
<owx 45°] 4.0 16.39 .26 .25| -.72| -.49 .77 .80( -.11 .58
o
a 220 5.1 25.88 20| .00 -.67| -.69 .61 61] -.27 .94 .63
FOLARITY-B
-.26) . -.9 -.31 .84 .85] -.35 .79 .73 .45
CURVED/STRAIGHT Epce| 8] 12-65 2 28 8
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TABLE 10A

EDGE SPREAD-16.8 MICRONS
MODULATION-.22

POLARITY-A POLARITY-A POLARITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 450 | 22° E£DGE
5 5.4 | 5.4 8.3 9.7 3,7 t.9 | 4.5 5.8 | 15.1 2.2
- s s2 | 28.68]29.55| 68.23] 93.89] 43.34 3.62120.05 | 33.80 [226.65 4.65
< ~ 135°| 5.4 28.68 .78
To & k
W wvw.
[y 90°| 5.4 | 29.55 .77] .56
-_—Z 00
x —oz - .
l sevs 45°| 8.3 68.23 J60l .90 30
[« - N
& 22°| 9.7 93.89 .70| .79 62 .79
POLARLTY-A : - R X i
© __CURVED EbcE 37| 1334 T.75] .63 .53 RE] .46
o .~ 135° 1.9 3.62| -.79| -.75| -.64| -.39|% -.90 .53 -
=) - - -
e 90°| 45| 20,05 -.65 -.48| -.27| -.39 -.57 .82| .45
—Z00
@ -0z - |
<ouwX 45l 5.8 33.80( ~-.69| -.27| -.33| -.08 -.69- T Ll cL2a
=) : - -
a- 22°i5.1 [226.65| -.65| -.45| -.17| -.42 -.53 .77 .98 534 .79
i FOLARITY-B - ) R .
CURVED/STRAIGHT EDGE 2.2| 4.65 .08] =J17| -.37| -.50 .55 .36] -.34| -.28 3700 4
TABLE 11A i
EDGE SPREAD-24.0 MICRONS
R i MODULATION-.22 -
- . - = POLARITY-A POLARYTY=A POLARITY-8 POLARITY<B
X POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE - STRAIGHT
135° 90° 45° 22° C. 135° | 90° 45° | 22° EDGE
s 6.6 | 8.7 | 13.1 181 | 6.4 6.1 | 7.5 |13.5 |20.3 5.1
= $ s2 | 44.30|76.04 [170.78 [329.37| 40,69 37.37]56.15 [182.04 [412.17 26.15
< n 135° 6.6 | ad.30) . .27]. | =< ) 7 .
=] (53 - - =
L 8w A ) -
Fewa 90°} 8.71 76.04 .86]" .62 :
zZo= - -
sSEve 45°013,11170.78 54f LT5 .56
o8 - -
s 22°{v8.1 [329.37] 39| .28 .72 |- .78
-POLARITY-A R
CURVED EDGE 6.4 40.69 .67| .55 .38 .36 .53 .
w - e~ 135° 6.1 37.37) -.68| -.22 2] -.14 -.34 78 i
R - = - ; -
favier 90° 7.5 56.15 07| 19| -.08| -.34 .63 24| 46 : )
=282 ]
T<ous 4s5°ly3,5 (182,04 -.03| .t6] -.31| =.73 .24 .23f .85 .90
[} s
L 22°020.3 |412.47 L3907 .29 -.i8| -.18 .43 -.24 .54 59 .43
- POLARITY<B N : -
CURVED/STRAIGHT EoGE| 5-1] 26.15 13 .36 A o-.23 .36 RETI N ;76 7
- ; = - TABLE 12A ’
LT EDGE SPREAD-5.0 MICRONS
MODULATION-.33
= o POLARITY-A POLARITY-A .~ POLARITY-B- POLARITY-B/
- POINTED EDGES (ANGLES) CURVED, | POINTED EDGES ‘(ANGLES)- CURVED/
] o EDGE s - STRAIGHT
- 135° | 90° 459" 220 135° | 90° 45° | 22° EDGE
- : B ,32‘.4 2.1 1o 4.8 5.1 [ 2.6 | 3.4°| 3.5} 5.5 2.8
- .S 52 5.62|. 4.39| 22.50 | 26.40 3.49 6.68|11.40 | 12,58 | 30.72 . 6.83
e A 1359 2.4| 5.62 .23
(=] w
PERRSW -
W 90| 2.1 | 4.39 .86 .53 -
—Z0O -
Co%50% B i . o4
»Eg < 45| 4.8 22.50 .58 .74 .28 .
= 22°| 5.1| 26,40 .72| .97 .80| 35
- . POLARITY-A N
. cumvep fose 19| 3.49 62| .86 .71 .85 .56
T w4 |isse| 2.6 6.8 16| .56 .37 .66 .68 .46 .
=SR] S - = -
[t g0°| 3.4 i1.40 .64| .85 .44 .83 80 .84] -.73
=282
cowx 45°| 3.5| 12.58] .82 .92 .76 s8] - 94 .59( .84 .67 -
<3 - . <
= 22°| 5.5| 30.72 .52 .81 J68 .85 .90 .83 .90 .89{ .80
POLARITY-B . ~ a1 R .
. .84
CURVED/STRAIGHT £oGe| 2-6| 6-83 92| .68 -4z 52| o5t 17 62 77 51 .

38

Approved For Release 2006/02/07 : CIA-RDP78B04770A001800020044-4




Approved For Release 2006/02/07 : CIA-RDP78B04770A001800020044-4

TABLE 13A

EDGE SPREAD-7.5 MICRONS
MODULATION-,33

POLARITY-A POLARITY-A POLAR!ITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 15° 22° 135° | 90° 45° | 22° EDGE
s 1.7 | 2.5 4.9 5.5 2.0 1.7 | 3.0 5.7 6.1 1.6
S s2 3.19] 6.59{ 24.13 [ 29.73 3.85 3.01] 9.22 | 32,38 37.75 2.6l
< -~ 135°] 1.7{ 3.19 .06
[ e} w
A8l . .
mhwa 90°] 2.5| 6.59 .83 .63
x—oz
SEVE 45° 4.9 24,13 .54] .83 .71
o
& 22°| 5.5] 29.73 74| .93 .93 .82
POLAR!ITY-A
CURVED EDGE 2.0f 3.85 .82| .98 .80 .93 .74
o - 135°0 1.7| 3.0t .30 .47 .73 .53 .33 .52
L2nD
[aguvigen 90° 3.0 9.22 .25 .24 .61 .42 .16 .83 .69
=Z82
ows 45°| 5.7 32.38 .08 .07 .48 .24 .00 76| .98 .77
(=]
o 22° 6.1 | 37.75) -.11| -.09 36 07 -.18 .74f .92 .97 .80
POLARITY-B
CURVED/STRAIGHT EDge| '-6| 2.6 681 .92 .97 .96 .87 .72 .s2 .36 23 - 14
TABLE 14A
EDGE SPREAD-11.2 MICRONS
MODULATION- .33
POLARITY-A POLARITY-A POLARITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 4.4 4.6 | 4.0 8.0 2.7 3.3 4.2 6.2 | 6.4 2.8
5 s2 Lhooia| 2108 16.35 | 63.76 7.40 |10.95| 17.41] 38.83}40.91 7.70
« o~ 1359 4.4 | 19,14 .63
' Swn
Favi 90°| 4.6 {21.18 .84 .30
—ZO0
o —oz
<ouwx 45°] 4.0 | 16.35 .54 .80/ .50
o
o 22° 8.0 | 63.76 .53 . 80) .91 .88
POLARITY-A
2.7 7.4 .79 . . .00 .
CURVED EDG 0 52 17 ° 72
o - 135°) 3.3 | 10.95 .16 .26 .19 | -.03 .52 .54
L=} w
ottt 90°] 4.2 [17.4) .33 .38 L0l -.03 .59 .84 .72
=232
S0z 45°| 6.2 | 38.83 .05 .35 .19 .08 .27 .88 .86 .68
o
o 22°| 6.4 | 40.91 .47 L79] .54 .48 .39 .57 .66 .78 .78
POLAR!TY-B
CURVED STRAICHY Epe| 28 | 7470 .43 .27| -.20 .32 .81 .67 .86 .60 .50 .77
TABLE 15A
EDGE SPREAD-16.8 MICRONS
MODULATION-.33
POLARITY-A POLARITY-A POLARITY-B POLAR!TY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 2.6 | 2.9 | 4.4 | 6.9 2.2 5.4 | 5.2 | 5.4 | 15.5 2.9
s 52 6.57| 8.60| 18.94 | 47.57 4.70 29.30/26.77 | 29.46 [239.68 8.36
< -~ 135°| 2.6| 6.57 10
L S0l
[aagvie 90°| 2.9 8.60 L2300 .7
- Z0O00
Io0Z o 4.4] 18.92 26 40 26
jg = 45 . . . . .
o
a 220 6.9 47.57 32| -.02 .87 .79
POLARITY-A .
CURVED EDOE 2.2 4.70 721 .60 .67 .59 .46
o - 135° 5.4| 29.30| -.13] -.20 .63 .75 .03 .70
ra w
faluibvite 90°| 5.2 26.77 22| -.20 .70 .85 .23 .92] .84
-Z 00
x—o=
<owx 45°| 5.4 29,48 4l -.e5] .21 .07 -.45 42| .51 .83
o
o 22°/15.5 [239. 68 .08 .89 .7} -.38 .22 -.311 -.351 -.40 .52
POLARITY-B B
CURVED/STRAIGHT EDGE| 2.9| 8.36 .56 .20 .07 .20 .35 28| .34 .33 19 .69
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TABLE 16A

EDGE SPREAD-24.0 MICRONS
MODULATION-.33

POLARITY-A POLAR!TY-A POLARITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 4s° 22° 135° | 90° 45° | 22° EDGE
i s 4.2 | 5.5 9.0 | 18.9 4.4 4.6 | 7.4 {11.8 | 20.5 4.7
s 52 17.66|30.22| 80.55(355.41] 19.50 22.01]54.05 |139.99 [420.02 22.34
< - 135° 4.2( 17.66] - .35 .
L 8wl |
[t 90°). 5.5 30.22 ;86{ .36 :
~Z OO i '
x-—Qa=z B N N
ggws 45° 9.0 80.55 .56 .50 .33 :
o 22°|18.97(355. 41 .53 .66 .66 . .77 :
. POLARITY-A . ol B : i
CoRven EomE 4.41 19.50 .53 I20 L3 .40 .40
@ - 135°| 4.6 22.01] -.75] -.80| -.87| -.90 .02 " 14
o o - :
[ 90°| 7.4 54.05 .06|  .314 -.26| -.36 .28 b7y 32 : i
=Z8% - i
<oux aselti.8 139,99 -.29| 11| -.a5] -.28 -.20 .30{ .87 47
- o N B
< .| 22°|20.5{420.02| " .o0o| .33} -.52| -.i4 -.06 | .is| .e0{ _.s9| -.0l ;
) POLARITY-B - T .
CURVED/STRAIGHT EDGE| 4.7| 22.34 =.071 -.14 -.50 ~-.0l -6 .24 -.47 -.31 .35 .24 !
TABLE 17A .
R : EDGE SPREAD-5.0 MICRONS .
L L T o MODULATION-.50 s
B POLARITY-A . |POLARITY-A s POLARITYZE - ° |pOLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES -(ANGLES) CURVED/ | 4
. P EDGE STRAIGHT | .
135° 90° 45° 22° ‘413521 90° 45° 2z2° EDGE"
. L s | 2.4 2.8 3.1 1.3 1.6 2.6 1 3.3 3.3 4.3 1.2
X s 2 17:5.550 7.79|. 9.65|53.84[ T2.69 6.85]10.96 | 10.59 | 18.3 i.38 !
< ~ 135° 2.4 5.55 | .36 - ;
[ =} wy - o - — ‘i
faadvite g0°| 2.81 7.79 91| L8t ' . |
mZO0 | ' - y
Eeyni-: 450l 3. : ’
gg < . 45°.3.1 1. 9.65 72| .92 .90 . 1
o 220 7.3 53.84 66| .81 .80 .86 - !
. POLARITY-A . - . !
- 16| 2.69 .78 .93 .96 .87 R
- CURVED EDGE - : 2 . i
o - |135°|'2.6| 6.85| -.27] .10 371 .36 .21 L .38 - T £
o v - — = iR
reny 90°| 3.3 10.96f ~-.3t} -.02 .27 Y .18 .89 73 v
=282 - .
sz 4s°] 3.3 | 1o.59) -.04] _.28| .60 .55 .54 .78| .86 .84 :
< . 22 4.3 1 18.31 .20| .35 .62 .44 .59 35| .53 .83l .76 :
: T ROLARITY-B R cC ’ i . !
‘CURVED/STRAFGHT Epsg| !-2| t.38) .77 .a8| 18| .26 36 -.79] -.72 | .52 .43 ;
R - ’ TABLE 18A
EDGE SPREAD-7.5 MICRONS: - - . B
_ MODULATION- .50 !
I Lo . POLARITY-A POLARITY-A| = POLARITY-B POLAR I TY-BI & -
POINTED EDGES (ANGLES) CURVED |. POINTED EDGES (ANGLES) CURVED/ | !
] EDGE. - STRAIGHT | !
135° 20° 45° 22° -] 135° | 90° 45° | 22° EDGE
T .S 2.3 1 2.1 4.4 4t ) 2.9 4.0 | 4.1 5.3 6.8.1 ° 2.6 {
R 52 5709| 4.45] 19.45 | 16.96 8.41 15.69|16.54 | 28.50 | 45.66 6.84 |t
< — i |3§,° 2.3 |- 5.09 .15 N
U e | - :
=i -g0°[ 2.1 | 4.45 tal a8 ;
Z - - -—Z 0V H
X -0z N . ‘\:
ggwg 45°] 4.4 | 19.45 .62| .59 .27 | -
o 220 4.1 16.96 .80 .6l .87 .47 T . . :
POLARITY-A 2:9 | 8.4l .43 .70 .76 .61 .85 !
CURVED EDGE bl : - ¥
. o . t35° 4.0 15.69 58] .65 .54 .75 SL72 . .80} . ; i
o o oo i : _ - _ !
N TEnYy 9p°| 4.11.16.54 .39 .53 _-52 .65 .81 L9510 .92 o - ’
c253 . i . . ;
%gﬂ.( 45°) 5431 28.50 .34 .32 .54 71 .70 86| .94 .74 ;
o .
o< 22°] 6.8 | 45266 -54] .a6| . .65 85[ . .69 L9F .92, .97 .22 :
FOLARITY-B ) i ] ;
CURVED/STRAIGHT EDGE| 2.6 6.84 .43 571, .48 .60 .83 .90 .97 .91 .88 .8l

40 ' ' :
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TABLE 19A

EDGE SPREAD-11.2 MICRONS
MODULATION-.50

POLARITY-A POLARITY-A POLARITY-B POLARITY-B
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURVED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | g0° 45° | 22° EDGE
s 3.7 | 2.9 4.3 |10.2 1.8 3.0 | 2.7 4.2 7.9 i.6
s s2 | 13.38| 8.69 | 18.14 |103.70 3.26 9.26] 7.05 {17.45 | 62.40 2.69
< - 1359| 3.7 13.38 .74
L=} w
fetradivi 90| 2.9] 8.69 74| .67
-_Z OO0
£582 23| 18.14 91| .71 49
gglus s5°| 4. . . . .
9 22¢[10.2 [103.70 .73 .53 .93 .51
POLARITY-A 1.8 3.26 .82| .50 .87 .90 .58
CURVED EOG
o - 135°] 3.0 9.26 31| .51 .34 49 .56 .73
=) v
ruow 90°| 2.7] 7.05 .04| .50 N .23 .24 91| .80
—ZWLWO
x—0zZ
<owX s5°| 4.2 | 17.45| -.07| .26 L1 .35 .35 87| .91 .57
o
T 22°] 7.9 | 62,40 ~.19] .01 .00 .30 .30 .81 .80 .96 .88
POLARITY-B
CURVED/STRAIGHT EDGE| '-6] 2.69 24| .e0 .32 .09 -.14 -.25( -.04 | -.23 | -.47 s
TABLE 20A
EDGE SPREAD-25.0 MICRONS
MODULATION-.50
POLARITY-A POLARITY-A POLARITY-B POLARITY-8
POINTED EDGES (ANGLES) CURVED POINTED EDGES (ANGLES) CURYED/
EDGE STRAIGHT
135° 90° 45° 22° 135° | 90° 45° | 22° EDGE
s 6.9 | 4.2 [11.8 [17.2 3.7 5.9 [ 6.7 [11.1 {17.4 4.6
s s2 | 47.61]17.53[139.36 [296.90] 13.58 35.20(45.65 [122.57 [301.83 21.66
< - 1359| 6.9 47.6t 16
1o w
falavir g00| 4.2{ 17.53 72| -.03
—ZWwO
xXx—oZ
<owx 450°|11.8[139.36 .38 .83 .38
(=]
o 220[17.21{296.90 TN .45 .4t
POLARITY=A
CORVED 06 3.7] 13.58 L7 .57 .41 .56 .07
o -~ 135°| s.9| 35.20f -.88| -.94| -.75| -.87 -.61 -.05
U= v
falvier 90°| 6.7] 45.65| ~-.1t| -.35| -.48| -.04 -.74 210 s
=282
Sowx as°[11.1[122.57 ol -.22f -.18 3 -.63 .02| .88 .55
(o]
[ 22°[17.4(301.83 .20 -.11f -.13 .37 -.45 -3 .81 .96 .65
POLARITY-B
CURVED/STRAIGHT EDGE| 4.6| 21.66) -.83] -.84| -.s0| -.85 -.66 .94l .32 00| -.16 .82

The numbers in the body of each table are correlation coef-
ficients (Pearson r's). In this context the correlation
coefficient is an index of how much the operators' pointing
errors on one edge covaried with their pointing errors on
another edge. (A correlation can vary between -1.00 and +1.00).

The standard deviation (S), variance (S?), and the cor-
relation coefficient (r) are the statistics needed for com-
puting the standard deviation (S;) of the measurement errors
for an image. The formula for computing S; is

41
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S‘i = Vslz + 322 tZFS}_Sz

where,
S; = the standard deviation of the measurement
errors for an image
S; and S, = the standard deviations of the poinfingﬁ
errors for the two edges - o
Sy2%and S;2= the variances of the pointing errors for

the two edges . !

Sro= the correlation between the opérafors'
) pointing errors on the two edges.

.. Whether the quantity 2rS$;S, is added to or subtracted :

- from $;2 + $,2 can be determined from the rules for computing
the mean measurement error. If the mean measurement error .is:
obtained by subtraction (the first rule. in the previous section),
subtract 2rS;S,. If the mean measurement .error is obtained by
addition (the second and third rules), add 2rS;S, to S,2 + 5,2,

The following examples should clarify how Sy is computed.
Assume an S; is to be computed for each of the images shown in
Figure 1A and that the modulation is .33 and the edge spread is
16.8 microns. Now, refer to Table 15A to obtain the values. 3

‘needed for computing Sj. ]

To compute S; for example a in Figure 1A, first locate in. .
Table 15A the column labeled poTlarity-A 90° (left-edge of, the
image) and.the row labeled polarity-B 90° (right edge of the
image). The standard deviation and variance for each edge are
given below the edge designation in the column and to the right
of the-edge designation in the row. In this example the stan- -
dard deviations are 2.9 and 5.2 microns, the. variances 8.60 and-

26.77 microns, and correlation is -.20.
To compute. S; in this example, subtract 2rS$;S, from Si? +

'S12, because. the mean measurement error was obtained by. sub-.
~traction. The solution for S; is : :

\/siso + 26.77 - 2 (-.20) (2.9) (5.2)
V35°37 +6.03

= 6.4

S

‘ A standard deviation of 6.4 indicates.that about two-thirds
of the operators! measurements will lie between *6.4 microns of
the mean measurement error. The mean measurement error for, this
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example was +5.7 microns, that is, the length of this image
was overestimated by 5.7 microns. Consequently, the measure-
ments of two-thirds of the operators should 1lie between -0.7
microns (5.7 microns - 6.4 microns) and +12.1 microns (5.7 +
6.4 microns) of the true length of this image.

To compute S; for example b, locate the column and the
row labeled '"polarity-B 90°." Because this image is formed
by identical edges, the standard deviation for each edge is
5.2 microns, the variance for each edge is 26.77 microns, and
the correlation is .84.

To compute S; in this example, add 2rS;S; to $5;2 + S,2
because the mean measurement error was obtained by addition.
The solution for S is

S ‘\/’26.,77 +26.77 + 2 (.84) (5.2) (5.2)
= -\/55044 + 48,13
= 10.1

The mean measurement error for this example was +2.8
microns. Consequently, the measurements of two-thirds of the
operators should lie between -7.8 microns and +12.9 microns
of the true length of this image.

To compute S; for example ¢, locate the column and the
row labeled "polarity-A 90°." Again, the image is formed by
identical edges. The standard deviation and variance for
each edge are 2.9 microns and 8.60 microns respectively, and
the correlation is .71.

To compute S; in this example, add 2r$;5; to S;2 + S,2
because the mean measurement error was obtained by addition.
The solution for S; is

Sy

[

—\/8950 + 8,60 + 2 (.71) (2.9} (2.9}

*\/@7,,20 + 11.90

= 5.4

i

The mean measurement error for this example was -8.6
microns. Consequently, the measurements of two-thirds of the
operators should lie between -14.0 microns and +3.2 microns
of the true length of the image.
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i

Two points should be reemphasized in interpreting the
data described in this section. First, the data apply only
to edges whose edge spreads do not overlap. Second, in this
experiment the means and the standard deviations are statis-
tics based on a small number of observations (six operators) ;
therefore, they may vary substantially from one sample of
operators to the next. (The amount of variation to be expected
may be calculated from formulas given in most statistics books.)
Consequently, these statistics :should be interpreted as approx-
imations of the true (population) values. d
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APPENDIX B

PREPARATION OF THE STIMULI

The array of shapes portrayed in Figure 1 on page 10
was produced in a large format. The geometric shapes were
scribed in a Rubylith scribing material, using precision
instruments. A greatly reduced copy of the format was then
produced on Kodak High-Resolution Plate. This plate is
referred to as the 'master plate."

The master plate was used to produce a series of 19
photographic transparencies, Gems. The Gems were made by
reproducing the master plate on Kodak High-Definition Aerial
Film, Type 3404, which was then contact-printed onto Kodak
Fine-Grain Aerial Duplicating Film, Type 8430. These two
types of film were selected because they are used in many
operational reconnaissance programs. The reproduction of
the master plate onto Type 3404 film was such that its
contact-print made on Type 8430 exhibited the desired image-
structure characteristics. :

The images on Type 3404 film were made using a modified
contact-printing procedure described by | | With
this technique, the master plate was separated from the Type
3404 film by a controlled distance using a thin sheet of
glass as a spacer; the master plate-glass spacer-film sand-
wich was exposed a specific distance from a light source .
having an appropriate spatially varying intensity distribution.
During exposure, the sandwich was held in a frame especially
designed to allow the exposure given the area containing the
geometric shapes to be different from the surrounding area
containing the fiducial marks. The frame containing the
sandwich was placed on a turntable whose center rotated nor-
mal to, and concentric with, a variable area mask covering the
light source. ' "

Using a pin-hole mask, the area on the Type 3404 film
corresponding to the geometric shapes was given a uniform -
exposure without the master plate in position. This controlled
exposure was made to yield the appropriate image modulation or
contrast. The master plate was then positioned in the frame
and with a pin-hole mask over the light source, the fiducial
marks were exposed. The resulting fiducial mark images were
sharp and of high-contrast. Then, with a Gaussian-shaped
variable area mask over the light source, the area containing
the geometric shapes was exposed. After exposure, the film
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was processed in a tray in Kodak D-19 Developer for eight
minutes at 20° C. Development was followed by the usual
acetic-acid rinse, fixing, washing and drying. The charac—'
teristic curve for the processing of the Type 3404 film 1s
shown in Figure 1B. The mean density of the images was 1. O
this being the mean density of most negative photographs
produced in operational programs.

2.2 '
| KODAK FiLM TYPE 3404 PROCESSED [N D-19 8 MIN. 20°C :
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Figure 18B. Characterlst1c curves for Kodak Type 3404 Film.

- The images on Type 3404 film were contact printed on ?

| .Kodak Fine-Grain Aerial Duplicating Film, Type 8430, using:a

+ high-resolution contact printer. The mean density of the :
images on Type 8430 film was 1.0. The Type 8430 film was |.
tray-processed in Kodak D-76 Developer for eight minutes at

©20° C.  The characteristic curve for the Type 8430 film images
is shown in Figure 2B on the next page. The images on Type

8430 fllm are the transparencies referred to as Gems.

. The long, straight edge between edges 35 and 16 (see
Figure 1B above) of each Gem was scanned with a microdensi-
-tometer to assess the modulation and edge. spread of the images.
- The Gems with a 5-micron edge spread were scanned with an il- .
| lumination objective with a.N.A. 0.5, and a reading objectlve
with a N.A. = 0.65, and with an effectlve slit width of 1. 75
microns. All other Gems were scanned with an illumination ob—
jective with a N.A. = 0.5, a reading objective with a N.A.
0.3, and an effective sllt w1dth of 3. 5 microns. -
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2.2
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Figure 2B. Characteristic curves for Kodak Type 8430 film.

The microdensitometer was adjusted to read 100 percent
transmittance on an unexposed portion of the film in making
transmittance measurements. Thus, all the reported values
are net transmittance or net density. The long, straight
edge was scanned at three places along its length. Each scan
sampled 800 microns of the length of the edge. The reported
edge spread was determined by taking the average of the three
scans made of each Gem; the averaging technique is discussed
in the main body of the text, and is illustrated in Figure 4
on page 12.

The RMS granularity of the Gems was measured using con-
ventional techniques and found to be 0.008, which is the
value normally glven for this film at a net density of 1. 0
and for a scanning aperture 24 microns 1in diameter.

The Gems were
mounted between two
sheets of No. 2 (0.22
mm thick) microscope
cover glass for abrasion
protection. and for hand-
ling convenience. A
photomicrograph of Gem
No. 12 is shown 'in
Figure 3B.

Figure 3B. Photomicrograph of Gem No. 12.
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Dear Dick:

“‘ Clearances sufficient to give a blue visitor badge tol

are requested so that he can participate in photo-interpreter response
///§5udies being performed for, and in, | | As with other
-~~~ contractors participating in this work, | | needs more than

25X1 one | | representative for active participation in this work.
25X [ |primary activity will be the administration of photo-in-

terpreter tests and the preparation of testing materials. This effort
25X1 requires that[:::::::]work in the building for periods ranging from

days to weeks, and his ability to move freely in the building will

facilitate our efforts,

Regards,

25X1

25X1
25X1

25X1
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